Approximately 10% of the U.S. population ingests <50% of the current recommended daily allowance for zinc. We investigate the effect of zinc deficiency on DNA damage, expression of DNA-repair enzymes, and downstream signaling events in a cell-culture model. Low zinc inhibited cell growth of rat glioma C6 cells and increased oxidative stress. Low intracellular zinc increased DNA single-strand breaks (comet assay). Zinc-deficient C6 cells also exhibited an increase in the expression of the zinc-containing DNA-repair proteins p53 and apurinic endonuclease (APE). Repletion with zinc restored cell growth and reversed DNA damage. APE is a multifunctional protein that not only repairs DNA but also controls DNA-binding activity of many transcription factors that may be involved in cancer progression. The ability of the transcription factors p53, nuclear factor B, and activator protein 1 (AP1) to bind to consensus DNA sequences was decreased markedly with zinc deficiency, as assayed by electrophoretic mobility-shift assays. Thus, low intracellular zinc status causes oxidative DNA damage and induces DNA-repair protein expression, but binding of p53 and important downstream signals leading to proper DNA repair are lost without zinc.
L
ow intake of vitamins and minerals could be major risk factors for several types of cancer, as suggested by both epidemiological and laboratory studies (1, 2) . There is evidence that dietary deficiencies in vitamins and minerals result in single and double DNA-strand breaks and oxidative lesions that are similar to that of radiation-induced DNA damage (3) (4) (5) . We hypothesize that inadequate nutrition is a significant environmental risk and bears a significant impact on the susceptibility to cancer. A significant portion of the North American population does not get adequate zinc (6) . Ten percent of the U.S. population consumes less than half the recommended daily allowance for zinc, especially those who consume little meat and͞or consume high phytate-containing food sources (7) . Phytate (inositol hexaphosphate), which is found at high levels in cereal grains and legumes, forms a tight complex with zinc (or iron) and decreases its absorption. Marginal zinc intake could increase an individual's susceptibility to developing DNA damage and cancer.
Zinc is a component of Ͼ1,000 proteins including DNAbinding proteins with zinc fingers, copper͞zinc superoxide dismutase (CuZnSOD), and several proteins involved in DNAdamage repair such as p53, which is mutated in half of human tumors (8) . It can be hypothesized that insufficient zinc intake can impair antioxidant defenses and compromise DNA-repair mechanisms, making the cell highly susceptible to oxidative DNA damage. Thus, deficits in zinc intake could have a significant impact on the development of cancer. Epidemiological studies have shown decreased zinc status in cancer patients compared with healthy controls (9) (10) (11) (12) . It has also been suggested as a contributor to esophageal cancer in humans (9, 13) . Zinc deficiency has been shown to cause esophageal tumors in rats (14) and also in conjunction with a single low dose of a nitrosamine (15, 16) . Replenishment of zinc in zinc-deficient (ZnDF) rats has been shown to induce apoptosis in esophageal epithelial cells and thereby reduces the development of esophageal cancer (17) . Zinc deficiency can also lead to increased oxidative damage to testicular cell DNA (18, 19) . Together, these data strongly suggest that zinc deficiency itself may compromise the integrity of DNA. The brain is highly sensitive to oxidative stress, and zinc deficiency has been linked to abnormalities in brain function. Zinc deficiency impairs cognitive function in experimental animals and humans (20) (21) (22) (23) . Zinc deficiency during early brain development causes malformations, and deficiency later in development causes microscopic abnormalities and also impairs function (24) . In rats, zinc deficiency also can cause oxidant stress and physical breakdown of the blood-brain barrier (25) . Thus, it is possible that the brain may be uniquely sensitive to oxidative DNA damage induced by zinc deficiency.
The overall objective of this study was to determine the effects of zinc deficiency on DNA integrity in a neural cell type by using a rat glioma cell line (C6 cells). To achieve this goal, we have examined the effects of low intracellular zinc on oxidative stress and DNA damage in rat glioma C6 cells. In addition, the expression of the DNA-repair protein apurinic endonuclease (APE, which is also known as Ref-1) and downstream signaling events such as activation͞binding of p53, activator protein 1 (AP1), and nuclear factor B (NFB) were examined.
Materials and Methods
Cell Culture. C6 rat glioma cells were obtained from the American Tissue Culture Collection (ATTC CCL-107). Cells were grown in DMEM (GIBCO Life Technology, Carlsbad, CA) and 10% CO 2 at 37°C. ZnDF medium was prepared by using a chelation strategy. FBS was mixed at 4°C with 10% Chelex-100 overnight. Mineral levels were monitored by inductively coupled plasma spectroscopy. C6 rat glioma cells were seeded in 100-mm plates and grown in control medium (DMEM͞10% FBS), zincadequate (ZnAD) medium (DMEM͞10% Chelex FBS͞4 M ZnCl 2 ) or ZnDF medium (DMEM͞10% Chelex FBS). Mediua were replaced every 2-3 days. Cell counts were performed with the use of a Coulter counter.
Mineral Concentration. Mineral concentrations of calcium, magnesium, iron, copper, and zinc were determined by using inductively coupled plasma͞absorption emission spectrometry (JarellAsh Thermospec, Franklin, MA) with slight modification of a reported method (26) . Briefly, either 1 ml of medium or cell pellets (1 ϫ 10 7 cells) were incubated with 1 ml of 40% ultrapure nitric acid (VWR Scientific, West Chester, VA) overnight. After incubation, samples were diluted with deionized water to an 8%
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acid solution and analyzed by inductively coupled plasma͞ absorption emission spectrometry.
Assessment of DNA Damage. Single-strand breaks in cells were determined by alkali single-cell gel electrophoresis (comet assay) as described by Singh et al. (27) . The assay is based on alkaline lysis of labile DNA at sites of damage (i.e., from oxidation). Cells were suspended in 0.5% agarose and applied to microscope slides. Cells were subsequently lysed in comet assay lysis buffer (Trevigen, Gaithersburg, MD) for 1 h. After lysis, DNA was allowed to unwind in alkali buffer for 20 min before electrophoresis. Nuclear material then was stained with Sybr green (Molecular Probes). Fifty cells from four independent samples were scored blindly for tail migration intensity.
Assessment of Oxidant Production. (i) Oxidant production was monitored by using the f luorescent probe 2Ј7Ј-dichlorodihydrofluorescein diacetate (DCFH, Molecular Probes). DCFH (10 M) was added to cells after 5 days in control, ZnAD, or ZnDF medium. Cells were incubated for 15 min at 37°C. After this incubation period, cells were washed, trypsinized, and immediately analyzed by using a fluorescence-activated cell sorter (FACSort, Becton Dickinson).
(ii) Nitrite formation was used as an indirect measure of nitric oxide (NO) production. Nitrite concentration in media from cells grown for 5 days in control, ZnAD, or ZnDF medium was assessed by using the Griess reagent as described by Hevel and Marletta (28) . Samples were normalized against a blank containing DMEM͞10% FBS to account for nitrates in the media.
Western Blot Analysis. One million cells were harvested by trypsinization after 5 days in experimental medium and lysed in a 1.5% SDS lysis buffer. Samples were mixed with Laemmli buffer and boiled for 5 min. SDS electrophoresis was carried out under standard conditions. Protein was transferred from the SDS gel to poly(vinylidene difluoride) membranes (Millipore) at 350 mA for 2 h. Blots were blocked in 5% nonfat dry milk for 1 h at room temperature. Blots then were incubated with APE (Trevigen, 1:500 dilution), p50͞p65, or the inhibitory subunit of NFB (IB␣, Santa Cruz Biotechnology, 1:2,000 dilution). The blots were washed five times with PBS͞0.2% Tween 20 and then incubated with horseradish peroxidase-conjugated goat antirabbit IgG at a dilution of 1:5,000 for 1 h. Protein was detected using enhanced chemiluminescence reagents (NEN Life Science).
Subcellular Distribution. Cytosolic and nuclear extracts were prepared from cells by using a Pierce NE-PER nuclear͞cytoplasmic extraction kit. Protein concentrations were assessed by using the Bradford method.
AP1-, NFB-, and p53-Binding Assay. Binding of AP1, NFB, and p53 was assessed in nuclear extracts by electrophoretic mobilityshift assay (EMSA). Double-stranded oligonucleotides for AP1, NFB (Promega), or p53 (Santa Cruz Biotechnology) were labeled on the 3Ј end with biotin by using the 3Ј-Biotin end-label kit from Pierce. EMSA was carried out by using the Lightshift kit from Pierce. Briefly, binding reactions containing 10 g of nuclear protein, 10 mM Tris, 50 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mM MgCl 2 , 0.05% Nonidet P-40, and 2 pmol of oligonucleotide probe were incubated for 20 min at room temperature. Specific binding was confirmed by using a 100-to 400-fold excess of unlabeled probe as specific competitor. Protein DNA complexes were separated by using a 6% nondenaturing acrylamide gel electrophoresis. Complexes were transferred to positively charged nylon membranes and UVcrosslinked in a Stratagene crosslinker. Gel shifts were visualized with a streptavidin-horseradish peroxidase followed by chemiluminescent detection.
SOD Activity. CuZnSOD and manganese SOD activity was determined as described by Fridovich (29) . Briefly, cells were lysed in 0.1% Triton X and under two subsequent freeze͞rethaw cycles and stored on ice. SOD activity was determined from the percentage inhibition of the cytochrome c, xanthine-xanthine oxidase assay (29) . The reduction of cytochrome c by superoxide generated from xanthine and xanthine oxidase is monitored by absorption at 418 nm.
Results
The cell-culture medium FBS was rendered zinc deficient (ZnDF) by chelation with Chelex-100. Chelated medium was replenished to the original level of calcium, which was also removed from medium with Chelex. This ZnDF medium was compared with its control, ZnAD medium, which was also replenished with 4 M zinc chloride; 4 M zinc is equivalent to the zinc content found in control medium (DMEM͞10% FBS, data not shown). Fig. 1 shows the cellular zinc levels in C6 cells after 5 days in culture in control, ZnAD, or ZnDF medium. A significant drop in cellular zinc is seen in cells fed ZnDF media, with no effect on other divalent metals such as copper or iron. Zinc deficiency had a marked effect on the growth of C6 cells. The rate of growth of C6 cells was inhibited with zinc deficiency (data not shown). DNA damage was assessed by comet assay to determine single-strand breaks in control, ZnAD, or ZnDF C6 cells. As shown in Fig. 2A , zinc deficiency induced an increase in average comet score, indicating an increase in single-strand break damage in ZnDF C6 cells. However, it seems this DNA damage is reversible. If ZnDF cells were replenished with adequate zinc, average comet scores returned back to that of controls within 48 h after repletion (Fig. 2B ). Growth and proliferation of cells were also restored with repletion of zinc (data not shown).
To determine whether zinc deficiency induces an oxidative stress, the nonfluorescent probe DCFH was used. DCFH becomes oxidized to 2Ј7Ј-dichlorof luorescein hydrochloride (DCF), a fluorescent product, and indicates increased oxidant production and oxidant stress. Fig. 3A shows a marked increase in DCF fluorescence in ZnDF C6 cells. These data confirm that zinc deficiency increases cellular oxidative stress. Zinc deficiency also seems to cause an increase in reactive nitrogen species such as NO. Nitrite production, a stable end product of NO, was used as an indirect measure of NO production. With zinc deficiency, we see a significant increase in nitrite production, suggesting an increase in NO (Fig. 3B) . Mineral levels were determined by inductively coupled plasma͞absorption emission spectrometry as described in Materials and Methods. For each group, cells were fed control-DMEM (Control), ZnAD-DMEM (ZnAD), or ZnDF-DMEM (ZnDF) for a 5-day period. All samples are mean Ϯ SE (n ϭ 6). Significant differences between means were determined by one-way ANOVA. ** , P Ͻ 0.01.
To explore how zinc deficiency affects DNA-repair mechanisms, the expression and function of p53 and APE were determined. Western blot analysis revealed that zinc deficiency induced expression of p53 and APE in C6 cells, confirming that C6 cells may be experiencing an increase in DNA damage (Fig. 4) .
EMSAs were performed to examine the binding of control, ZnAD, and ZnDF nuclear extracts to p53-, AP1-, and NFBbinding regions. The specificity of p53 binding was confirmed by using an excess of unlabeled oligonucleotide as a specific competitor (lanes 3, 5, 7, and 9). Zinc deficiency has a similar effect on AP1 and NFB binding (Fig. 6) .
The data from the EMSA experiments suggest that binding of several transcription factors may be impaired with zinc deficiency. However, to confirm that zinc deficiency is truly affecting binding, we examined changes in nuclear translocation and inhibitory-unit degradation. To address these issues, subcellular fractionation and Western blots probing for NFB subunits were performed. Fig. 7 demonstrates that there is no change in nuclear translocation of the p50 or p65 subunits of NFB with zinc deficiency compared with ZnAD controls. In addition, Fig.  7 shows that there is no change in expression or degradation of IB␣. These results confirm that zinc deficiency is affecting the binding of these transcription factors with no effect on nuclear translocation or inhibitory-unit degradation.
Discussion
Zinc deficiency is shown to have a marked effect on the DNA integrity of a neural-derived cell line (Figs. 2-4) . The mechanism by which zinc deficiency induces DNA damage in these cells is most likely a combined effect of increased oxidative stress and an impairment of DNA-repair signal pathways (Figs. 5-7) . Together, these disruptions make the cell highly susceptible to oxidative DNA damage. C6 cells showed a unique sensitivity to zinc deficiency. In response to low zinc, C6 cells showed decreased proliferation, increased oxidative stress (Fig. 3) , and increased single-strand breaks (Fig. 2) . C6 cells showed the most marked response to zinc deficiency when compared with other cell lines including human lung fibroblasts (IMR90), small airway epithelial cells, prostate epithelial cells, and cancerous prostate epithelial cells (PC3). In all these other cell types, cell proliferation was not impaired severely. In addition, the degree of oxidative stress and DNA damage was not as severe as that of found in ZnDF C6 cells (data not shown). These results suggest that neural-derived cells may be more sensitive to the effects of oxidative stress.
The antioxidant function of zinc and ability of zinc to induce oxidative stress has been shown by others. However, the actual source of these oxidants still remains unknown. Zinc deficiency induces both reactive oxygen species (increased DCF fluorescence) and reactive nitrogen species (increased nitrite) in C6 cells (Fig. 3) . The increase in oxidative stress cannot be explained by a loss in CuZnSOD activity. Instead, CuZnSOD activity is induced slightly rather than decreased with zinc deficiency (data not shown). Thus, the mechanisms by which zinc deficiency induces oxidative stress is unclear. One possibility is that zinc deficiency may impair mitochondrial function, causing excess free radical species to be leaked through the electron transport chain. In other studies looking at human lung fibroblasts, we have found using microarrays that several subunits involved in the electron transport chain are down-regulated with zinc deficiency (30) . Another possibility is that with zinc deficiency, the CuZnSOD has a toxic ''gain of function.'' In amyotrophic lateral sclerosis (ALS), a small proportion of this disease is due to a mutation in CuZnSOD that causes the protein to lose zinc (31) (32) (33) . In response to this loss, the CuZnSOD retains its WT dismutase activity but seems to gain a peroxidase activity and increases the production of the highly reactive peroxynitrite molecule. Excess production of peroxynitrite ultimately leads to the death of the motor neurons. It is possible that dietary zinc deficiency is affecting these C6 cells in the same manner.
An increase in DCF fluorescence (Fig. 3) suggests that there is an increase in oxidative stress with zinc deficiency. Oxidative stress may play a significant role in the pathology associated with zinc deficiency; oxidative base modifications are highly prevalent with zinc deficiency and could lead to the single-strand breaks seen in Fig. 2 A. This increase in oxidative base modifications should increase the likelihood of mutations. Other studies have also shown an increase in DNA damage with lowered zinc status (34) . In infant rhesus monkeys, maternal dietary zinc deficiency increases 8-hydroxy-2Ј-deoxyguanosine levels in infant liver (35) . An increase in levels of 8-oxo-2Ј-deoxyguanosine with zinc deficiency has also been demonstrated in rat testes (36) . In ZnDF rats, there is an increase in h-ras and p53 mutations in response to a normally noncarcinogenic dose of N-nitrosomethylbenzylamine (16) .
One major contributing factor to the increase in DNA damage with zinc deficiency could be an impairment of DNA repair. Replenishing the ZnDF C6 cells with zinc rapidly reversed DNA damage in these cells (Fig. 3) . Therefore, it can be hypothesized that repair mechanisms were ''turned back on'' with the addition of zinc. However, it is also possible that damaged cells were replaced with new, undamaged cells, because repletion also restored cell growth. To examine the effects of zinc deficiency on DNA repair, we examined several important candidate DNArepair proteins. The tumor-suppressor protein p53 plays an important role in coordinating events leading to appropriate DNA repair. p53 plays a role in modulating cell-cycle progression, apoptosis, DNA repair, and cell proliferation͞differentia-tion (37, 38) . Over 50% of human malignancies contain a mutation in p53 (39) . Interestingly, the majority of these mutations are found in the region of the gene that encodes for the DNA-binding region of p53 (40, 41) . This binding region contains zinc, and to coordinate the events related to DNA repair, p53 must be able to bind to specific DNA-binding domains to transcriptionally activate downstream targets involved in DNA repair. To test the ability of p53 to function properly and bind to downstream targets with zinc deficiency, EMSAs were performed. We can detect an increase in p53 expression (Fig. 4) , yet Fig. 5 shows a marked decrease in the ability of ZnDF nuclear extracts to bind to consensus p53 oligonucleotides. In other experiments, we also showed an increase in p53 protein expression with zinc deficiency (30) . This up-regulation of p53 expression is most likely in response to DNA damage induced with zinc deficiency. Thus, although there is an increase in p53 expression with zinc deficiency, this p53 is dysfunctional, and hence DNA repair is compromised.
The DNA-binding activity of p53 is largely mediated by a conformation-sensitive structure in the central portion of the protein (residues 102-292) (41) . Mutations in this region cause an ''unfolding'' of this structure and a loss of binding activity. Other researchers have found also that the removal of zinc, either by chemical chelation or feeding ZnDF medium, alters the expression of p53 (42, 43) . Direct chemical chelation also seems to reversibly alter p53 conformation, with the loss of DNAbinding activity (44) . The finding that dietary zinc deficiency in cells increases p53 protein levels (Fig. 4) but also compromises p53 DNA-binding activity (Fig. 5) is noteworthy, because it shows that p53 can be disabled by poor nutrition as well as through a mutation.
To examine other DNA-repair pathways, we also investigated the expression of APE, an important endonuclease in base-excision repair (45) . DNA base-excision repair is a major pathway responsible for the repair of both cellular alkylation and oxidative DNA damage. A critical step in this pathway involves the cleavage of damaged sites in DNA by APE. APE is a multifunctional protein that not only repairs AP sites but also controls DNA-binding activity, via redox mechanisms, of numerous transcription factors that are involved in cancer promotion and progression (such as AP-1, NFB, and p53) (46) . In addition, APE levels appear elevated in a number of cancers (47) (48) (49) . Zinc deficiency increases the expression of APE in C6 cells, most likely in response to DNA damage induced by zinc deficiency (Fig. 4) . Increases in APE expression are expected to be followed by increases in the binding activity of several redox-sensitive transcription factors such as NFB and AP1. However, this does not hold true in ZnDF C6 cells. Instead, we see a marked reduction in both NFB and AP1 binding with zinc deficiency (Fig. 6 ). These transcription factors play important roles in controlling oxidative stress response and cell proliferation (50, 51) , and their inactivation of binding impairs the ability of the cell to respond to oxidative stress and damage. Mackenzie et al. (52) have also demonstrated recently alterations in NFB activation with low intracellular zinc in human neuroblastoma IMR32 cells. However, the precise mechanisms by which zinc affects transcription factor binding remain unclear. The direct inf luence of zinc deficiency on zinc-finger binding and͞or oxidation of critical cysteine groups needs to be explored.
It is well known that exposure to environmental stresses such as ionizing radiation and carcinogenic chemicals can result in significant damage to DNA. There is now increasing evidence that vitamin and mineral deficiencies, such as zinc deficiency, can also damage DNA by the same mechanisms (1). Approximately 10% of the U.S. population ingests Ͻ50% of the recommended daily allowance for zinc and are at risk at for marginal zinc deficiency because of low consumption of zinc and͞or high phytate intake (1). This study confirms that low intracellular zinc induces oxidative stresses but at the same time compromises the ability of the cell to deal with this stress. Zinc deficiency renders the cell highly susceptible to oxidative DNA damage by both inducing oxidative stresses and impairing DNA-repair mechanisms. Thus, zinc deficiency has a highly detrimental effect on DNA integrity and emphasizes the importance of good nutrition in the prevention of cancer. Zinc deficiency has no effect on nuclear translocation of NFB subunits p50 or p65 or IB␣ degradation. Western blot analysis was used to determine protein levels of p50, p65, and IB␣ in nuclear and cytoplasmic fractions as described in Materials and Methods. SDS͞PAGE was performed in nuclear and cytoplasmic fractions from cells grown in control, ZnAD, or ZnDF medium. Blots were stripped and blotted for actin to confirm each protein loading (data not shown). Results are representative of two individual experiments.
